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ABSTRACT:
This paper describes a combined experimental-numerical investigation into the estimation and prediction of peak wind
pressure loadings on the roofs and roof-top appurtenances of low-rise buildings. Preliminary results for the
appurtenance examined here, a rooftop photovoltaic (PV) array, located on the top of the Hogue Technology Center
(HTC) at Central Washington University (CWU) in Ellensburg, Washington will be discussed. These include
numerical results from finite element models as well as from the pressure sensor, accelerometer, and strain gauge time
series data. Designs of physical models of the full-scale and proposed 1:20 and 1:100 scale wind tunnel tests of the
array and the building rooftop to be performed at the NSF NHERI Wall of Wind Experimental Facility (WOW EF) at
Florida International University (FIU) will be presented.
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1. BACKGROUND
There are two major gaps in the estimation of peak wind effects on low-rise structures and their
appurtenances. The first is aerodynamic in nature: the scales of traditional wind tunnel testing for
low-rise buildings are mostly accurate except for peak negative pressures or suctions. Large-scale
wind tunnel results do not account for energy-containing low-frequency eddies (Mooneghi et al.,
2016; Moravej, 2018). One of the goals of the investigation described here is to use full-scale
measurements in-situ and in the wind tunnel to account for the “missing” low-frequency turbulence
and to develop robust hybrid simulation techniques. The second gap is dynamic: ASCE7-16
(ASCE 7, 2016) limits the investigation of structural dynamic effects to 1 Hz natural frequency
and lower. Yet many appurtenances on rooftops, such as photovoltaic arrays, have displayed windinduced vibrations with natural frequencies at 15 Hz (Moravej et al., 2015; Naeiji, 2017).
The research described here addresses these two gaps through field investigations, large-scale
boundary layer wind tunnel testing, and small-scale dynamic modelling. Field measurements are
underway on the Hogue Technology Center (HTC) at Central Washington University (CWU) to
obtain time series data for comparison with upcoming large- and small-scale wind tunnel testing
at Florida International University (FIU). This comparison will be used to determine transfer
functions to account for low-frequency turbulence results missing in large-scale testing and
subsequently improve the estimation of peak wind loads on low-rise buildings and their
appurtenances. The details of the field measurements and numerical modelling are presented in
the next section.
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2. METHODS
2.1 Field investigations
The rooftop PV array, previously investigated by Bender et al. (2018), is arranged in landscape
format with three rows of sensors in two sections. The end of the array is subject to an
approximately N-S dominant wind in a suburban boundary layer. Figure 1 shows a close-up of the
rooftop instrumentation of the anemometers, the array, and the modular pressure systems.

Figure 1. CWU rooftop instrumentation

The rooftop and panel ultrasonic anemometers Model 85000 and 86000, respectively, are
manufactured by R.M. Young. The two anemometers collect wind speed and direction data at a
sampling rate of 500 Hz. The modular pressure systems were designed by the research group for
this project. Figure 2 shows a detailed depiction.

Figure 2. Modular pressure system

The modular pressure system is used to measure net rooftop pressures. Details of the
instrumentation will be provided in the final paper. Ten pressure sensors have been installed at the
end of the array as shown in Figure 3. These measure the net pressures on the panel at a point. The
Setra pressure transducers were installed in the aluminum framing of the panels to prevent damage
to their PV properties. The sensor locations for this investigation were based on the largest pressure
loadings obtained in the previous study in addition to expanding the instrumentation to the
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cantilevered panels at the very end of the array. Accelerometers and strain gauges have been
attached to the panels, as shown in Figure 3.

Figure 3. PV array sensor locations.

2.2. Numerical investigations
A modal analysis using Finite Element Modelling (FEM) was performed on SAP2000® to obtain
the dynamic properties of the PV array. The estimated FEM natural frequencies of the panels were
compared with those using the hammer test. Sample hammer test results for the PV panels are
given in Figure 4.

Figure 4. Sample hammer test results for a PV panel

3. RESULTS
Preliminary results suggest the following:
a. A transfer function can be used to incorporate low-frequency turbulence effects (Estephan
& Chowdhury, 2020);
b. Wind-induced dynamic effects can be incorporated using the mechanical admittance
function; and
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c. Long-term outdoor data measurements are limited by equipment durability issues.
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